Introduction
============

The digestive tract motor disorders associated with the administration of drugs commonly used to treat pain are difficult to manage. The use of opioids in the treatment of chronic pain has increased in the past decade. Gastrointestinal adverse effects have a major impact on health and quality of life in opioid users.[@b1-jnm-25-300] Opioid-induced constipation is the most common gastrointestinal adverse effect,[@b2-jnm-25-300] with a rate from 5% to 97%,[@b3-jnm-25-300] causing a significant reduction in quality of life.[@b4-jnm-25-300] Other analgesic drugs also alter gastrointestinal motor function, including cannabinoids,[@b5-jnm-25-300] and even NSAID, independently from their inflammatory effect on gastrointestinal mucosa.[@b6-jnm-25-300]

Different methods have been used to evaluate gastrointestinal motility in experimental animals. The less invasive methods are more adequate to mimic the clinical situation, but anesthetics or sedative drugs are often used, particularly in small laboratory animals, and these drugs can interfere with gastrointestinal motility.[@b7-jnm-25-300],[@b8-jnm-25-300] Previously, radiographic methods have been used combined with a simple semiquantitative analysis that allow the use of conscious rats to study the effect of different drugs administered either acutely or chronically, including opioids[@b9-jnm-25-300] and cannabinoids,[@b10-jnm-25-300],[@b11-jnm-25-300] on general gastrointestinal motor function. Interestingly, spatio-temporal maps (STM), similar to those used previously to characterize motor function of isolated segments of the gut in organ bath experiments,[@b12-jnm-25-300]--[@b14-jnm-25-300] were applied to analyze small intestinal contractility from fluoroscopic recordings obtained in vivo from conscious rats.[@b15-jnm-25-300] Furthermore, in a recent study of the effect of the antitumoral drug vincristine on gastrointestinal motility, STM were used to represent colonic propulsion of endogenous fecal pellets from fluoroscopic recordings.[@b16-jnm-25-300] Here, we extend these studies and evaluate the effect of different analgesics on colonic propulsion of endogenous fecal pellets in non-anesthetized rats.

The analgesics selected were morphine, loperamide, and the cannabinoid WIN 55,212-2. Morphine is a major opioid agonist commonly used in the clinic for the relief of moderate to severe pain.[@b17-jnm-25-300] Loperamide is a synthetic opioid used in the clinic to treat diarrhea.[@b18-jnm-25-300] At the therapeutic oral doses used for this indication, loperamide is devoid of central effects.[@b19-jnm-25-300] In fact, loperamide is not clinically used as an analgesic, but it was recently demonstrated to produce peripheral analgesia in experimental animals when intraperitoneally administered.[@b20-jnm-25-300] WIN 55,212-2 is a potent nonselective cannabinoid receptor agonist, with analgesic properties mediated through cannabinoid receptor type 1 (CB1) and CB2.[@b21-jnm-25-300]--[@b23-jnm-25-300] These drugs are known to inhibit gastrointestinal motility. Whereas morphine and loperamide exert their constipating effects mainly through mu opioid receptors,[@b24-jnm-25-300] WIN 55,212-2 does so mainly through CB1 cannabinoid receptors.[@b5-jnm-25-300] Importantly, these receptors are present in the myenteric plexus, intrinsically responsible for gut motor function.[@b25-jnm-25-300]

In this study, our aim is to determine the effect of increasing doses of morphine, loperamide, and WIN 55,212-2, on rat colonic endogenous fecal pellet propulsion using fluoroscopic recordings and STM. This method is non-invasive and can be applied without anesthesia.

Materials and Methods
=====================

The in vivo experiments were designed and performed in accordance with the European and Spanish legislation on care and use of experimental animals (EU Directive 2010/63/EU for animal experiments; R.D. 53/2013), were approved by the Ethic Committee at Universidad Rey Juan Carlos and Comunidad de Madrid (PROEX 061/18) and conducted in accordance with the Declaration of the National Institutes of Health Guide for Care and Use of Laboratory Animals. All efforts were made to minimize animal pain or discomfort.

Animals and Protocol
--------------------

Sixty-four (morphine group: MOR), 51 (loperamide group: LOP), and 39 (WIN 55,212-2 group: WIN) male Wistar rats (200--400 g) were obtained from the Veterinary Unit of Hospital General Universitario Gregorio Marañón (HGUGM, Madrid, Spain), where the experiments were performed. Animals were group-housed (3--4/cage) in standard transparent cages (60 cm × 40 cm × 20 cm), under environmentally controlled conditions (temperature, 20ºC; humidity, 60%), with a 12-hour light/12-hour dark cycle. Animals had free access to standard laboratory rat chow (Harlan Laboratories Inc, Barcelona, Spain) and sterile tap water, were not fasted prior to loading with contrast medium or recording (see below) and were conscious during X-ray sessions. No anesthesia was used, so that gastrointestinal motility was not altered.

Fluoroscopic Recordings of Gastrointestinal Motor Function
----------------------------------------------------------

For these experiments, 2 loads of barium sulfate (1.5 mL) (Barigraph AD; Juste SAQF, Madrid, Spain; 2 g/L, at 22ºC) were given intragastrically, through curved gavage needles (14 gauge, 2.9 inch length, and 4 mm ball diameter), in 2 different moments: 21.5 hours (approximately) and 1.5 hours before fluoroscopy ([Fig. 1](#f1-jnm-25-300){ref-type="fig"}). Thus, at the time of fluoroscopy, the first load of barium is generally seen as a relatively weak staining of the cecum and fecal pellets, and the second load of contrast strongly stains the stomach and part of the small intestine (but not the cecum). This procedure allows the recording of motor function of all gastrointestinal regions in just one fluoroscopy session per time-point and reduces exposure to radiation of both animals and researchers. In the present study, we focused on the fecal pellets stained by the first load of barium, whereas the second load of barium that stained the upper gastrointestinal tract (whose motor function is currently under analysis in our laboratory) allowed us to confirm that no anatomic or functional alteration was present in the rats studied that could have had an influence on our results for the colon (anatomy and transit in the stomach and small intestine were normal).

Fluoroscopy was performed as previously described with slight modifications.[@b15-jnm-25-300],[@b16-jnm-25-300] Plain facial radiographs and fluoroscopic videos of the gastrointestinal tract were obtained using a digital X-ray apparatus (Siremobil Compact L; Siemens, Erlangen, Germany; 60 kV, 7mA) and captured with Elgato Video Capture software (Munich, Germany). Exposure time was 0.06 seconds for X-ray shots, and 120 seconds for fluoroscopic recordings. Immobilization of the rats in the prone position was achieved by placing them inside adjustable hand-made transparent plastic tubes. Rats did not receive anesthesia and were immobilized inside the plastic tubes. To reduce stress, rats were habituated to stay within the plastic device for the recording period and were released immediately after each X-ray shot or video recording (ie, immobilization lasted less than 2.5 minutes). An X-ray was taken immediately after the second load of barium to confirm staining of both proximal (stronger) and distal (weaker) parts of the gastrointestinal tract (barium staining the cecum at the time of the X-ray would eventually stain also the fecal pellets whose movement would be followed during fluoroscopy). Fluoroscopic videos were recorded at 25 frames/sec, 1.5 hours after the second load of barium, when several loops of the small intestine had filled with contrast medium but before the cecum had been reached with this second load of barium (this time-point was determined as adequate based on previous studies[@b15-jnm-25-300]). Rats received an intraperitoneal injection of the drug of interest or its vehicle 30 minutes before fluoroscopy. Drug doses and vehicles were as follows ([Fig. 1](#f1-jnm-25-300){ref-type="fig"}): morphine at 0.1--10 mg/kg and saline (1 mL/kg); loperamide at 0.1--10 mg/kg and Cremophor (1 mL/kg); and WIN 55,212-2 at 0.1--5 mg/kg (for technical reasons, it was not possible to use WIN 55,212-2 at the dose of 10 mg/kg) and Tocrisolve (1 mL/kg). The investigator was protected by lead shields for thyroid and abdomino-pelvic viscera, and remained behind a lead screen, at least 2 meters from the X-ray source, during image capture. At the end of the study, animals were sacrificed by overdose of anesthetic (pentobarbital).

Analysis of the Recordings
--------------------------

As already mentioned, here we analyzed the movement of the fecal pellets, stained by the first load of barium. Therefore, rats not showing any staining in the cecum or fecal pellets in the X-ray performed after the second barium load were not used in this particular study. Fluoroscopic videos in which movement of the rat did not allow for the analysis of at least 75 seconds were also discarded. Only videos displaying fecal pellets in the colon were further analyzed. Each fluoroscopic recording was broken down into 120 frames with QuickTime Pro (Apple Inc, Cupertino, CA, USA) and analyzed as follows ([Fig. 2](#f2-jnm-25-300){ref-type="fig"}):

1.  The number of fecal pellets observed along the colon during the fluoroscopic video was recorded; their diameter was measured with Image J (free access software in [www.imagej.net](www.imagej.net)).

2.  For each bolus within the colon, the propulsion speed (PS) was measured as the distance travelled per time unit from its proximal position towards the anus, using the intervertebral disc placed at the root of the animal's tail (located at the level of the anal sphincter) as an anatomic reference ([Fig. 2A](#f2-jnm-25-300){ref-type="fig"}).

3.  A STM was created with Excel to represent the progress of fecal pellets within the descending colon and rectum, using a binary code to represent the position of each fecal pellet along the colorectum: 0 = absent; 1 = present ([Fig. 2A](#f2-jnm-25-300){ref-type="fig"}). Staining of fecal pellets was generally too faint and their contrast too low against the background (due to the interference of the soft tissue and bones) to use available computerized tools to build diameter maps, but it was possible to follow their movement along the colon by eye, using a constant reference point for each pellet (distal end, proximal end, or middle point, depending on the particular pellet), and manually represent their position on the STM (see [Supplementary material](#s1-jnm-25-300){ref-type="supplementary-material"} for further details about STM creation and examples of videos; [Supplementary Fig. 1](#s1-jnm-25-300){ref-type="supplementary-material"} shows 2 representative examples of STM, one from a rat with relatively well-stained fecal pellets, and another one from a rat whose fecal pellets were only faintly stained, as built from [Supplementary Videos 1](#s2-jnm-25-300){ref-type="supplementary-material"} and [2](#s3-jnm-25-300){ref-type="supplementary-material"}, respectively). From each STM, different parameters were obtained ([Fig. 2B](#f2-jnm-25-300){ref-type="fig"}):

    a.  Total and mean number of fecal pellets (MFP)

    b.  Percentage of pellets that exited the colon (FP exits)

    c.  Propulsion speed (PS') of each pellet, measured as the distance travelled (D') per time unit (T') from its initial position towards the anus, calculated from the STM.

    d.  For each pellet, maximum period of the recording without movement (maximum immobility time \[MIT\]).

4.  Fecal pellets as shown in the STM were categorized into 2 groups. Group 1 (slow pellets): pellets that moved 0--2.5 cm, and Group 2 (fast pellets): pellets that moved ≥ 2.5 cm. Fecal pellets initially positioned 1 cm or 2 cm proximal to the anus were included in the fast category if they exited the colon in less than 60 seconds (half the duration of the movies); otherwise, they were included in the slow category.

5.  STM were categorized into 2 groups, according to the movement of their pellets (see point 4). Group 1 (slow STM): STM in which all fecal pellets were slow, and Group 2 (fast STM): STM in which at least one fecal pellet was fast.

6.  STM were categorized in 2 additional groups. Group 1: STM in which no fecal pellet exited the colon, and Group 2: STM showing at least one fecal pellet exiting the colon.

Compounds and Drugs
-------------------

Barium sulfate (Barigraf AD; Juste SAQF) was suspended in tap water and continuously hand-stirred until administration. Morphine and loperamide were obtained from Laboratorios Abelló (Madrid, Spain) and dissolved in saline (0.9% NaCl in distilled water). Cremophor EL was obtained from Sigma-Aldrich (Madrid, Spain) and dissolved at 20% in saline. WIN 55,212-2 (Tocris, Cookson, Bristol, UK) was dissolved in Tocrisolve, a commercially available water-soluble emulsion composed of a 1:4 ratio of soya oil/water that is emulsified with the block co-polymer Pluronic F68 (Tocris; 30 μL in 0.5 mL of saline solution).

Statistical Methods
-------------------

Data are presented as the mean values ± SEM. Differences between groups were analyzed using one-way ANOVA followed by post-*hoc* Bonferroni multiple comparison test, and χ^2^ test. Values of *P* \< 0.05 were regarded as being significantly different.

Results
=======

Body weight recorded before the first load of barium was not significantly different (*P* \> 0.05, one-way ANOVA) among the different experimental groups (279 ± 11 g with a range between 200--400 g).

As shown in [Table](#t1-jnm-25-300){ref-type="table"}, the % of videos that could be analyzed was 73--100% for all experimental groups (only 24/154 movies, were discarded, generally due to excessive animal movement, 15.6%). Most analyzed movies were 120 seconds long (only 18/130 movies were shorter, 13.8%) and had stained fecal pellets in the colon at the time of recording (only 9/130 did not, 6.9%). At least 6 movies per experimental group were included for further analysis (n = 7--14, 6--8, and 7--10 for the MOR, LOP, and WIN sets of experiments, respectively). Thus, 78.6% (121/154) of movies were at least 75 seconds long and had at least one stained fecal pellet in the colon. STM were built from these recordings (see representative STM in [Fig. 3](#f3-jnm-25-300){ref-type="fig"}).

Compared to control animals, no significant differences were found in morphine, loperamide, and WIN 55,212-2-treated rats (irrespective of the dose) for the MFP per STM and their mean diameter (Diam) (*P* \> 0.05, one-way ANOVA; [Table](#t1-jnm-25-300){ref-type="table"}).

Since different vehicles (saline for morphine, Cremophor for loperamide, and Tocrisolve for WIN 55,212-2) were used in the 3 different sets of experiments, we compared their effect on the different parameters of interest first ([Fig. 4](#f4-jnm-25-300){ref-type="fig"}). Tocrisolve significantly increased PS and PS', and both Cremophor and Tocrisolve significantly reduced MIT. Compared to saline-treated animals, in Cremophor/Tocrisolve animals, the percentage of fast pellets tended to increase, and the percentage of fast STM significantly increased, but no significant difference in the percentage of STM with fecal pellets exiting the colon was found. Thus, both vehicles, particularly Tocrisolve, tended to increase the colonic propulsive activity of endogenous fecal pellets.

We describe next the results obtained for each particular drug.

Effects of Morphine
-------------------

[Figure 3A](#f3-jnm-25-300){ref-type="fig"} shows representative STM for rats treated with saline and morphine at different doses. Quantitative results of the analysis performed for colonic motor activity in these animals are shown in [Figure 5](#f5-jnm-25-300){ref-type="fig"}.

Compared to saline, morphine at 0.1 mg/kg tended to increase the PS, but the difference was not statistically different. However, PS decreased for all the remaining MOR doses and, compared to MOR 0.1, the difference was statistically significant for MOR 1 and MOR 10 ([Fig. 5A](#f5-jnm-25-300){ref-type="fig"}). A similar result was found when the PS was calculated from the STM (PS') ([Supplementary Fig. 2A](#s1-jnm-25-300){ref-type="supplementary-material"}).

MIT was significantly increased for morphine at 10 mg/kg compared to saline, MOR 0.1, and MOR 1 (but not MOR 5) groups, and reduced for MOR 0.1 compared to saline, although this difference did not reach statistical significance ([Fig. 5B](#f5-jnm-25-300){ref-type="fig"}).

Interestingly, the % of slow and fast pellets increased and decreased, respectively, in a dose-dependent manner (*P* = 0.001, χ^2^ test) ([Fig. 5C](#f5-jnm-25-300){ref-type="fig"}). Similar results were found for the analysis of the percentage of slow and fast STM according to the speed of their pellets (Group 1: all the fecal pellets in the map moved 0--2.5 cm; Group 2: at least one fecal pellet in the map moved ≥ 2.5 cm) (*P* = 0.021, χ^2^ test) ([Fig. 5D](#f5-jnm-25-300){ref-type="fig"}). However, in agreement with the results shown for PS and MIT, animals treated with MOR 0.1 showed a higher percentage of STM with fast pellets (Group 2). Finally, the percentage of STM with fecal pellets that exited the colon during the recording decreased with the dose of morphine and the difference was close to statistical significance (*P* = 0.057, χ^2^ test). This was particularly clear in the case of animals treated with morphine at the highest dose (10 mg/kg), for which no fecal pellet exited the colon ([Fig. 5E](#f5-jnm-25-300){ref-type="fig"}).

Effects of Loperamide
---------------------

[Figure 3B](#f3-jnm-25-300){ref-type="fig"} shows representative STM for rats treated with Cremophor and loperamide at different doses. Quantitative results of the analysis performed for colon motor activity in these animals are shown in [Figure 6](#f6-jnm-25-300){ref-type="fig"}.

As for morphine, PS was slower in the LOP 5 and LOP 10 groups compared to Cremophor, and LOP 0.1 and LOP 1 groups ([Fig. 6A](#f6-jnm-25-300){ref-type="fig"}), although the difference did not reach statistical significance. A similar result was found when the propulsion speed was calculated from the STM (PS'), but in this case, the difference was statistically significant for LOP 10 group vs control group (Cremophor) ([Supplementary Fig. 2B](#s1-jnm-25-300){ref-type="supplementary-material"}). In addition, there was a clear dose-dependent increase in MIT, which was significantly higher for loperamide at 5 mg/kg and 10 mg/kg compared to Cremophor and LOP 0.1 mg/kg groups ([Fig. 6B](#f6-jnm-25-300){ref-type="fig"}).

As for morphine too, the percentage of slow and fast pellets increased and decreased, respectively, in a dose-dependent manner (*P* = 0.00001, χ^2^ test) ([Fig. 6C](#f6-jnm-25-300){ref-type="fig"}). When we classified STM according to the speed of their pellets in the 2 categories mentioned above, the percentage of maps with slow pellets increased in a significant manner (*P* = 0.0011, χ^2^ test) ([Fig. 6D](#f6-jnm-25-300){ref-type="fig"}). Finally, the percentage of STM with fecal pellets that exited the colon during the recording decreased with the dose of loperamide in a statistically significant manner (*P* = 0.029, χ^2^ test). This was particularly clear in the case of animals treated with loperamide at the highest doses (5 mg/kg and 10 mg/kg) ([Fig. 6E](#f6-jnm-25-300){ref-type="fig"}).

Effects of WIN 55,212-2
-----------------------

[Figure 3C](#f3-jnm-25-300){ref-type="fig"} shows representative STM for rats treated with Tocrisolve and WIN 55,212-2 at different doses. Quantitative results of the analysis performed for colon propulsive activity in these animals are shown in [Figure 7](#f7-jnm-25-300){ref-type="fig"}.

PS was significantly lower in animals treated with WIN at 1 mg/kg and 5 mg/kg, compared to Tocrisolve and WIN 0.1 groups ([Fig. 7A](#f7-jnm-25-300){ref-type="fig"}). A similar result was found when the propulsion speed was calculated from the STM ([Supplementary Fig. 2C](#s1-jnm-25-300){ref-type="supplementary-material"}). Again, MIT tended to increase for WIN at 1 mg/kg and 5 mg/kg compared to Tocrisolve and WIN 0.1, although the difference did not reach statistical significance ([Fig. 7B](#f7-jnm-25-300){ref-type="fig"}).

The percentage of slow and fast pellets increased and decreased, respectively, in a dose-dependent manner (*P* = 0.020, χ^2^ test) ([Fig. 7C](#f7-jnm-25-300){ref-type="fig"}). When we classified STM according to the speed of their pellets in the two categories mentioned above, the percentage of maps with slow and fast pellets tended to increase and decrease, respectively, in a dose-dependent manner, but the difference did not reach statistical significance (*P* = 0.101, χ^2^ test) ([Fig. 7D](#f7-jnm-25-300){ref-type="fig"}). Finally, the percentage of STM with fecal pellets that exited the colon during the recording decreased with the dose of WIN 55,212-2, but the difference did not reach statistical significance (*P* = 0.096, χ^2^ test) ([Fig. 7E](#f7-jnm-25-300){ref-type="fig"}). Thus, the WIN group showed a very similar tendency to MOR and LOP groups.

Discussion
==========

Here we used fluoroscopic recordings and STM to evaluate, in conscious rats, the alterations of colonic propulsive activity associated to the acute administration of increasing doses of analgesics known to inhibit colonic motility.

Many techniques have been used so far to study motility of the gastrointestinal tract in humans and experimental animals.[@b9-jnm-25-300],[@b26-jnm-25-300],[@b27-jnm-25-300] Specifically, radiographic methods have been used from the end of the 19th century until now.[@b28-jnm-25-300] Among other imaging methods, magnetic resonance has been postulated as the "gold standard" method to non-invasively study the intestinal motor alterations in humans, and it offers both functional and morphologic data.[@b29-jnm-25-300] But its application to experimental animals, particularly rodents, like many other techniques, requires the use of anesthesia, which may interfere with intestinal motility.[@b7-jnm-25-300],[@b8-jnm-25-300] Fluoroscopy (continuous radiographic recording), which also offers functional and morphologic data, may be a good alternative to study intestinal motility in vivo in conscious animals.

Research using fluoroscopy without anesthetics has been previously performed in humans,[@b30-jnm-25-300],[@b31-jnm-25-300] and in medium-big sized animals like rabbits,[@b32-jnm-25-300] sheep[@b33-jnm-25-300] and pigs.[@b34-jnm-25-300] In contrast, anesthetics were generally used in fluoroscopy recordings obtained from mice.[@b35-jnm-25-300] Recently, we applied fluoroscopy in conscious rats to study the motor function of small intestine in control animals[@b15-jnm-25-300] and the colonic propulsive activity of endogenous fecal pellets after vincristine administration.[@b16-jnm-25-300] Here, we applied fluoroscopy to study, also in non-anaesthetized rats, the acute effect of opioid and cannabinoid agonists (known to produce analgesia and to inhibit gastrointestinal motility) on colonic propulsive activity.

STM have been used for a long time in organ bath experiments to analyze motor patterns of gut segments in response to fluid infusion[@b12-jnm-25-300],[@b36-jnm-25-300]--[@b39-jnm-25-300] as well as colonic fecal pellet propulsion.[@b13-jnm-25-300],[@b40-jnm-25-300],[@b41-jnm-25-300] They have also been applied to recordings obtained in vivo from anesthetized rats, using magnetic resonance[@b42-jnm-25-300] and from conscious mice using fluoroscopy to study gastric and duodenal motor activity.[@b43-jnm-25-300],[@b44-jnm-25-300] In our studies, STM were built from fluoroscopic recordings obtained from conscious rats. Whereas STM were easily built automatically from fluoroscopic recordings to represent motor function of well-stained small intestinal segments, based on the changes in diameter along time and segment position,[@b15-jnm-25-300] the faint staining of many fecal pellets (that could be, nevertheless, followed by eye), did not allow to apply automatic procedures. Therefore, STM were manually built in this and our previous study to represent fecal pellet position along the colon.[@b16-jnm-25-300] Only the last 7.27 cm proximal to the anus were evaluated. This was the length of the distal colon that could be measured in all rats, a part of the colon that in this species runs straight and parallel to the spine. This part of the colon was generally free of interference with the stained cecum (shown as grey areas in the representative STM; [Fig. 3](#f3-jnm-25-300){ref-type="fig"}). Compared with in vitro studies, in which most experiments are performed after inserting a single fecal pellet through the oral end of the emptied colon, one or more stained endogenous fecal pellets could be found in each rat during fluoroscopy. Since the recordings had a similar duration ([Table](#t1-jnm-25-300){ref-type="table"}), we used the terms "fast" and "slow" to categorize the pellets depending on whether they transited more or less length, respectively, with an arbitrary cut distance of 2.5 cm (approximately a third of the whole distance evaluated). STM were used to "summarize" the effect of the drug in each rat. Thus, for a particular STM, if no pellet could move 2.5 cm or more, the STM was considered slow (all its fecal pellets were slow). On the contrary, if at least one fecal pellet of a particular STM could move 2.5 cm or more, the STM was considered fast. Although based on an arbitrary categorization, the results obtained with the STM approach were consistent with the remaining analyses and therefore we consider this method useful to represent drug-induced changes in endogenous fecal pellet movement from fluoroscopy recordings.

In the present study, we evaluated 3 analgesic drugs (morphine, loperamide, and WIN 55,212-2), known to suppress gastrointestinal motor function. In previous studies using radiographic techniques, all these drugs produced a dose-dependent inhibition of general gastrointestinal motility[@b9-jnm-25-300],[@b10-jnm-25-300] (non-published observations for loperamide). However, in those experiments, barium was administered just after the drug. Therefore, the effects of the drugs on more proximal parts of the gastrointestinal tract (stomach, small intestine, and cecum) delayed barium staining of fecal pellets to late time-points in the experiment and very little could be deduced on the direct effects of the drugs on colon motor function because at the time fecal pellets could be seen, the effect of the drug could already be residual or inexistent. The direct effect of a drug on colonic propulsion of endogenous fecal pellet movement can more reliably be analyzed if the drug is given when fecal pellets are already stained or about to be stained, like in the present study. In the present study, fecal pellets found in the colon were already stained by the barium administered 20--22 hours before the experiment, and thus the effects of the drugs on colonic fecal pellet propulsion could be directly visualized.

The rats were of similar age and weight and drugs (or their vehicles) did not induce any significant modification in fecal pellet length (not shown) or diameter, probably because they were administered just 30 minutes before the corresponding fluoroscopic recordings. Maybe longer exposure time to these drugs might modify these parameters. For example, fecal pellets from mice repeatedly treated with the antineoplastic drug irinotecan showed statistically significant differences in length along treatment.[@b45-jnm-25-300] Likewise, vincristine, another antitumoral drug, reduced the diameter of fecal pellets in the rat, when repeatedly administered.[@b16-jnm-25-300] Whatever the case may be, the fact that morphometric values of the endogenous fecal pellets were not significantly changed in our experimental conditions imply that changes in fecal pellet propulsion did not involve altered mechanical stimulation of the colon associated to changes in fecal pellet size.

Ideally, vehicles should not exert any effect. Compared to animals treated with saline (control for morphine), animals that received the vehicles for loperamide (Cremophor) and WIN 55,212-2 (Tocrisolve) showed faster propulsive activity of endogenous fecal pellets. Cremophor and Tocrisolve are vehicles commonly used for in vitro and in vivo experiments when lipid-soluble drugs are to be used. Interestingly, these vehicles did not affect nociceptive thresholds.[@b20-jnm-25-300],[@b21-jnm-25-300],[@b46-jnm-25-300] This suggests that gastrointestinal motor function might be more sensitive to these particular vehicles. Studies on gastrointestinal motility are very scarce, but in one of them, this function was not altered by Cremophor RH 40 (a derivative of castor oil, different from Cremophor EL, which was used here).[@b47-jnm-25-300] Thus, more research on the effects of vehicles for non-water-soluble drugs on gastrointestinal motility and other functions should be performed.

The analgesic drugs inhibited propulsion of endogenous fecal pellets in a dose-dependent manner, irrespective of the effect of the vehicles (but, in view of the "excitatory" effect of the vehicles used, inhibition of colonic propulsion seemed to be more robust for loperamide and WIN 55,212-2). We analyzed several functional parameters to characterize the effects of the analgesics. One of them, propulsion speed, was calculated both directly from the fluoroscopic recordings (PS) and indirectly from the STM (PS'). Changes associated with increasing drug doses run in parallel, suggesting that both methods are valid.

Inhibition of intestinal motor function is a well-known effect of opioids and cannabinoids that is observed in both humans and animals.[@b3-jnm-25-300],[@b5-jnm-25-300] High doses of morphine are not only associated with nausea and vomiting, but also with constipation, as its major side effect.[@b2-jnm-25-300],[@b4-jnm-25-300] Loperamide also slows down intestinal peristaltic activity, leading to increased transit time,[@b48-jnm-25-300],[@b49-jnm-25-300] and it is mainly used in the clinic to treat diarrhea, due to its constipating effects.[@b50-jnm-25-300],[@b51-jnm-25-300] It is interesting to note that at the oral therapeutic doses used in the clinic to treat diarrhea, glycoprotein P (located in the gut barrier and the blood brain barrier) avoids loperamide to access the central nervous system, but higher oral (or systemic) doses may saturate glycoprotein P and exert central effects,[@b52-jnm-25-300] including analgesia (unpublished observations from our own laboratory). At lower doses, it has also been demonstrated that loperamide may act on peripheral opioid receptors to reduce nociception in rat muscle pain models.[@b20-jnm-25-300] Constipation is also a well-known effect of cannabis and its derivatives that has been traditionally used in the treatment of different gastrointestinal disorders.[@b53-jnm-25-300] Specifically, the natural agonist delta-9-tetrahydrocannabinol has been shown to slow down intestinal transit and colonic propulsion in rodents,[@b54-jnm-25-300],[@b55-jnm-25-300] and we have extensively described the inhibitory effects of WIN 55,212-2, the synthetic non-selective cannabinoid agonist used in this report, on gastrointestinal motility.[@b5-jnm-25-300],[@b10-jnm-25-300],[@b11-jnm-25-300],[@b56-jnm-25-300],[@b57-jnm-25-300]

The doses used in this work were similar to those previously used by us and other researchers.[@b9-jnm-25-300],[@b10-jnm-25-300],[@b48-jnm-25-300],[@b49-jnm-25-300],[@b57-jnm-25-300] Morphine and loperamide were used at 0.1, 1, 5, and 10 mg/kg, but WIN 55,212-2 was not tried at 10 mg/kg due to solubility problems. However, results for WIN 55,212-2 were also dose-dependent and comparable to those obtained for the opioid drugs.

Although, in general, the higher the dose, the more intense inhibition of colonic motor function, it is noteworthy that in animals treated with the lowest dose of morphine (MOR 0.1), functional parameters did not fit with the general tendency and colonic motor function was stimulated (instead of being inhibited). Interestingly, it has been demonstrated that very low doses of morphine intravenously administered produces maximum stimulation of duodenal contractility in healthy volunteers.[@b58-jnm-25-300] In fact, excitatory effects of drugs that normally exert inhibitory actions are frequently encountered. Thus, other inhibitors of the central nervous system used at low doses also stimulate (instead of inhibiting) brain functions (alcohol as an example[@b59-jnm-25-300]). The fact that loperamide, the other opioid agonist tested, did not exert this stimulatory effect at low doses suggests that it might be more related to a central action of the drug, since at low doses loperamide does not cross the blood-brain barrier and thus, it does not induce central effects.[@b20-jnm-25-300],[@b60-jnm-25-300] In the case of WIN, no consistent central (psychoactive) effects were detected at doses of 1 mg/kg in the cannabinoid tetrad,[@b21-jnm-25-300],[@b23-jnm-25-300],[@b46-jnm-25-300],[@b61-jnm-25-300] suggesting that this drug at low doses might also be devoid of excitatory effects, not only on colonic motor function but also in the central nervous system.

In conclusion, colonic propulsion of endogenous fecal pellets was studied using fluoroscopy and STM in conscious rats. This method was able to show the well-known dose-dependent effects of different analgesic drugs on colonic motor function. Future research will be devoted to evaluate the effects of other drug treatments and physiopathological situations on colon motor function without the interference of anesthetics.
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![Experimental protocol. (A) Two loads of barium sulfate (Ba) were administered *per* os in 2 different moments: 20--22 hours and 1.5 hours before fluoroscopy (Fx). A plain radiograph (Rx) was taken immediately after the second load of barium. Drugs were injected 1 hour after. Fluoroscopy was performed 30 minutes after the drugs or their vehicles. (B) Different experimental groups were used according to treatment and dose (0.1, 1, 5 or 10 mg/kg) administered: morphine (MOR), loperamide (LOP), WIN 55,212-2 (WIN) or their corresponding vehicles (saline, Cremophor \[CREM\], and Tocrisolve \[TOCRI\], respectively). ip, intraperitoneal.](jnm-25-300f1){#f1-jnm-25-300}

![Analysis of the recordings. (A) Fluoroscopy recordings were broken down in 120 frames (1 frame/sec). In each frame, the intervertebral disc at the anus was identified and used as reference (star). Fecal pellet movement was represented in spatio-temporal maps (STM) built in Excel. In each map, the horizontal axis represents distance along the colon (left to right = proximal to distal; only the last 7.27 cm proximal to the anus were evaluated, each horizontal square represents a 10th of this distance) whereas the vertical axis represents time of recording (top to bottom = 0 to 120 seconds, each vertical square represents 3 seconds). Instant position of fecal pellets is represented as black squares in each cell of the STM; movement is shown as a horizontal change of the fecal pellet position. PS: propulsion speed of fecal pellets, measured directly from the fluoroscopic recording, where D represents distance travelled by the fecal pellets (the red arrows in frames 1 and 120 show the position of the pellet at the beginning of the recording; the green arrow in frame 120 represents the position of the pellet at the end of the recording) and T, duration of the recording analyzed. (B) Analysis of the STM, MIT: maximum period during which the fecal pellet did not move (maximum immobility time, in seconds), FP exits: time at which the fecal pellet eventually exited the colon, PS': propulsion speed measured from the STM, where D' is distance travelled by the fecal pellets (in cm) and T, duration of the recording analyzed (in seconds).](jnm-25-300f2){#f2-jnm-25-300}

###### 

Effects of morphine, loperamide, and WIN 55,212-2: representative examples. (A) Representative spatio-temporal maps (STM) for saline-and morphine-treated rats at different doses (MOR; 0.1, 5, and 10 mg/kg). (B) Representative STM for Cremophor-treated (CREM) and loperamide-treated rats at different doses (LOP; 0.1, 5, and 10 mg/kg). (C) Representative STM for Tocrisolve-treated (TOCRI) and WIN 55,212-2-treated rats at different doses (WIN; 0.1, 1, and 5 mg/kg). In each STM, the horizontal axis corresponds to distance (7.27 cm) and the vertical axis corresponds to time (120 seconds). Grey rectangles represent parts of the recordings in which fecal pellets could not be seen due to overlapping of other gastrointestinal structures; blue rectangles represent parts of recordings that could not be analyzed due to sudden movement of the animal. See legend for [Figure 2](#f2-jnm-25-300){ref-type="fig"} for more details.

![](jnm-25-300f3a)

![](jnm-25-300f3b)

![Effects of vehicles: quantitative analysis. (A--C) Bar graphs for (A) fecal pellet propulsion speed (PS), (B) fecal pellet propulsion speed measured from the spatio-temporal maps (STM; PS'), (C) maximum immobility time (MIT). Results are shown as the mean ± SEM. \**P* \< 0.05; \*\**P* \< 0.01 (one-way ANOVA followed by post-*hoc* Bonferroni multiple comparison test). (D--F) Pie charts displaying: (D) the distribution of fecal pellets moving slowly (0--2.5 cm: black, slow pellets) and quickly (≥ 2.5 cm: white, fast pellets) as shown in the STM during the fluoroscopy sessions; (E) the distribution of STM as "slow" (all pellets moved 0--2.5 cm: black) and "fast" (at least one pellet moved ≥ 2.5 cm: white); (F) the distribution of STM showing fecal pellets that exited the colon (white) or not (black). The results of the statistical analysis are shown at the foot of the pie charts. \*\*\**P* \< 0.001 (χ^2^ test). Animals received vehicles at 1 mL/kg by intraperitoneal (ip) injection. NS, not significant; SS, saline (NaCl 0.9% in distilled water); CREM, Cremophor (20% in saline); TOCRI, Tocrisolve.](jnm-25-300f4){#f4-jnm-25-300}

![Effects of morphine: quantitative analysis. (A--B) Bar graphs for (A) propulsion speed (PS); (B) maximum immobility time (MIT). Results are shown as the mean ± SEM. \**P* \< 0.05; \*\*\**P* \< 0.001 (one-way ANOVA followed by post-*hoc* Bonferroni multiple comparison test). (C--E) Pie charts displaying: (C) the distribution of fecal pellets moving slowly (0--2.5 cm: black, slow pellets) and quickly (≥ 2.5 cm: white, fast pellets) as shown in the spatio-temporal maps (STM) during the fluoroscopy sessions; (D) the distribution of STM as "slow" (all pellets moved 0--2.5 cm: black) and "fast" (at least one pellet moved ≥ 2.5 cm: white); (E) the distribution of STMs showing fecal pellets that exited (white) or not (black) the colon. The results of the statistical analysis are shown at the foot of the pie charts. \**P* \< 0.05, \*\**P* \< 0.01 (χ^2^ test). NS, not significant; SS, animals received saline (NaCl 0.9% in distilled water, at 1 mL/kg intraperitoneally \[ip\]); MOR, animals received morphine at 0.1, 1, 5 or 10 mg/kg (ip).](jnm-25-300f5){#f5-jnm-25-300}

![Effects of loperamide: quantitative analysis. (A, B) Bar graphs for (A) propulsion speed (PS); (B) maximum immobility time (MIT). Results are shown as the mean ± SEM. \**P* \< 0.05; \*\**P* \< 0.01; \*\*\**P* \< 0.001 (one-way ANOVA followed by post-*hoc* Bonferroni multiple comparison test). (C--E) Pie charts displaying: (C) the distribution of fecal pellets moving slowly (0--2.5 cm: black, slow pellets) and quickly (≥ 2.5 cm: white, fast pellets) as shown in the spatio-temporal maps (STM) during the fluoroscopy sessions; (D) the distribution of STM as "slow" (all pellets moved 0--2.5 cm: black) and "fast" (at least one pellet moved ≥ 2.5 cm: white); (E) the distribution of STM showing fecal pellets that exited (white) or not (black) the colon. The results of the statistical analysis are shown at the foot of pie charts. \**P* \< 0.05; \*\**P* \< 0.01; \*\*\**P* \< 0.001 (χ^2^ test). CREM, animals received Cremophor 20% in saline, at 1 mL/kg intraperitoneally (ip); LOP, animals received loperamide at 0.1, 1, 5 or 10 mg/kg (ip).](jnm-25-300f6){#f6-jnm-25-300}

![Effects of WIN 55,212-2: quantitative analysis. (A, B) Bar graphs for (A) propulsion speed (PS); (B) maximum immobility time (MIT). Results are shown as the mean ± SEM. \**P* \< 0.05 (one-way ANOVA followed by post-*hoc* Bonferroni multiple comparison test). (C) The distribution of fecal pellets moving slowly (0--2.5 cm: black, slow pellets) and quickly (≥ 2.5 cm: white, fast pellets) as shown in the STM during the fluoroscopy sessions; (D) the distribution of spatio-temporal maps (STM) as "slow" (all pellets moved 0--2.5 cm: black) and "fast" (at least one pellet moved ≥ 2.5 cm: white); (E) the distribution of STMs showing fecal pellets that exited (white) or not (black) the colon. The results of the statistical analysis are shown at the foot of pie charts. \**P* \< 0.05 (χ^2^ test). NS, not significant; TOCRI, animals received Tocrisolve 7% in saline, at 1 mL/kg intraperitoneally (ip); WIN, animals received WIN 55,212-2 at 0.1, 1 or 5 mg/kg (ip).](jnm-25-300f7){#f7-jnm-25-300}

###### 

Basic Features of Movies Used for the Analyses

  Experimental groups   N                                  A (%)                              D (sec)     B (%)        MFP           Diam (mm)     
  --------------------- ---------------------------------- ---------------------------------- ----------- ------------ ------------- ------------- -------------
  MOR                   Saline                             16                                 13 (81.3)   115 ± 3      13 (100.0)    4.08 ± 0.70   4.87 ± 0.21
                        *1:40 sec; 1: 66 sec; 1: 50 sec*   *1:87 sec; 1: 93 sec*                                                                   
  MOR 0.1               16                                 14 (87.5)                          118 ± 1     14 (100.0)   2.14 ± 0.26   5.29 ± 0.20   
                        *2:0 sec*                          *1:95 sec*                                                                              
  MOR 1                 12                                 11 (91.7)                          120 ± 0     10 (91.7)    3.80 ± 0.72   4.71 ± 0.22   
                        *1:0 sec*                                                                                                                  
  MOR 5                 8                                  8 (100.0)                          120 ± 0     7 (87.5)     1.86 ± 0.23   5.34 ± 0.20   
  MOR 10                12                                 10 (83.3)                          120 ± 0     10 (100.0)   2.70 ± 0.80   4.97 ± 0.19   
                        *1:44 sec; 1:0 sec*                                                                                                        
  LOP                   CREM                               12                                 8 (66.7)    119 ± 1      7 (87.5)      3.71 ± 2.32   5.29 ± 0.23
                        *1:43 sec; 1:60 sec; 2:0 sec*      *1:110 sec*                                                                             
  LOP 0.1               12                                 10 (83.3)                          116 ± 3     8 (80.0)     3.00 ± 0.40   4.65 ± 0.16   
                        *1:20 sec; 1:0 sec*                *1:97 sec; 1:99 sec*                                                                    
  LOP 1                 11                                 8 (72.7)                           114 ± 4     6 (75.0)     2.83 ± 0.66   4.94 ± 0.21   
                        *1:54 sec; 1:60 sec; 1:0 sec*      *1:101 sec; 1:88 sec*                                                                   
  LOP 5                 8                                  8 (100.0)                          120 ± 0     8 (100.0)    2.75 ± 0.44   4.66 ± 0.18   
  LOP 10                8                                  6 (75.0)                           117 ± 3     6 (100.0)    3.00 ± 0.89   4.82 ± 0.19   
                        *1:60 sec; 1:62 sec*               *1:101 sec*                                                                             
  WIN                   TOCRI                              12                                 9 (75.0)    106 ± 3      7 (77.77)     3.67 ± 0.73   4.69 ± 0.26
                        *1:53 sec; 2:0 sec*                *1:79 sec; 1:77 sec; 1:82 sec*                                                          
  WIN 0.1               12                                 10 (83.3)                          111 ± 4     10 (100.0)   3.80 ± 0.47   4.76 ± 0.13   
                        *2:0 sec*                          *1:86 sec; 1:85 sec; 1:107 sec;*                                                        
                                                           *1:113 sec*                                                                             
  WIN 1                 8                                  8 (100.0)                          112 ± 5     8 (100.0)    4.38 ± 0.35   4.61 ± 0.15   
                                                           *1:81 sec; 1:93 sec*                                                                    
  WIN 5                 7                                  7 (100.0)                          120 ± 0     7 (100.0)    2.57 ± 0.40   4.56 ± 0.25   

N, number of animals included in the study per experimental group and time point; A (%), number and % of movies that were used for further analyses (movies in which rat movements did not allow for the analyses to be performed for longer than 75 seconds were excluded; their duration is shown in italics, second and further rows in each cell; D, mean duration of movie segments used for further analyses (obtained from the movies included in A, given in seconds): most recordings were used for their whole duration (120 seconds); duration of shorter useful movie segments is shown in italics; B (%), number and % of analyzed movies (obtained from A) in which animals had stained fecal pellets in their colon at the time of recording and from which spatio-temporal maps (STM) where built; MFP, mean number of stained fecal pellets per STM; Diam, diameter of each fecal bolus displayed on the fluoroscopic recording was measured with Image J; MOR, animals received morphine at 0.1 (MOR 0.1), 1 (MOR 1), 5 (MOR 5) or 10 mg/kg (MOR 10) intraperitoneally (ip); CREM, animals received Cremophor 20% in saline, at 1 mL/ kg; LOP, animals received loperamide at 0.1 (LOP 0.1), 1 (LOP 1), 5 (LOP 5) or 10 mg/kg (LOP 10); TOCRI, animals received Tocrisolve at 1 mL/kg; WIN, animals received WIN 55,212-2 at 0.1 (WIN 0.1), 1 (WIN 1) or 5 mg/kg (WIN 5).

Rats were injected ip with different substances as MOR, CREM, LOP, TOCRI, and WIN. For each session, rats were gavaged a load of contrast medium (barium sulfate, 2 g/mL, 1.5 mL) at least 20 hours before, so that stained fecal pellets could be found within the colon at the time of recording.
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